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Abstract 
A fundamental study of the fluid dynamics inside an attic shaped triangular enclosure 
with cold upper walls and adiabatic horizontal bottom wall is reported in this study. The 
transient behaviour of the attic fluid which is relevant to our daily life is examined based 
on a scaling analysis. The transient phenomenon begins with the instantaneous cooling 
and the cooling with linear decreases of temperature up to some specific time (ramp time) 
and then maintain constant of the upper sloped walls. It is shown that both inclined walls 
develop a thermal boundary layer whose thicknesses increase towards steady-state or 
quasi-steady values. A proper identification of the timescales, the velocity and the 
thickness relevant to the flow that develops inside the cavity makes it possible to predict 
theoretically the basic flow features that will survive once the thermal flow in the 
enclosure reaches a steady state. A time scale for the cooling-down of the whole cavity 
together with the heat transfer scales through the inclined walls has also been obtained 
through scaling analysis. All scales are verified by the numerical simulations.  
 
KEYWORDS: Natural convection; Ramp cooling; Boundary layer; Unsteady flow; 
cooling down time; Nusselt number. 
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Nomenclature 
A slope of the attic  u, v velocity components 
g acceleration due to gravity uq velocity scale at quasi-steady state 
h height of the attic ur unsteady velocity scale 
k thermal conductivity us steady state velocity 
L length of one inclined side of the roof usr quasi-steady velocity 
l horizontal length of the attic V volume 
Nu Nusselt number x, y coordinates 
Nuh Nusselt number at quasi-steady mode  
Nus steady state Nusselt number Greek symbols
Nusr Nusselt number at quasi-steady state  thermal diffusivity 
p pressure  thermal expansion coefficient 
Pr Prandtl number T temperature difference between hot 
surface and the ambient 
Ra Rayleigh number t time step 
T temperature T thickness of the thermal boundary layer 
t time Ts steady state thickness of the thermal 
boundary layer 
Tc cooling temperature  Tr thickness of the thermal boundary layer 
at quasi-steady time  
tfc cooling down time for instantaneous 
cooling 
Tq thickness of the thermal boundary layer 
at the quasi-steady stage 
tfr cooling down time for ramp cooling p thickness of the thermal boundary layer 
when ramp is finished 
Th heating temperature  thermal diffusivity 
tp ramp time  density 
ts steady state time  kinematic viscosity 
tsr quasi-steady time  angle 
 
1. Introduction 
 
The attic space between the roof and the ceiling of a building is responsible for a 
significant portion of the heat transfer to and from the building. The heat transfer through 
attics is mainly governed by a natural convection process, and affected by a number of 
factors including the geometry, the interior structure and the insulation. Heat transfer 
through an attic space into or out of buildings is an important issue for attic shaped 
houses in both hot and cold climates. One of the important objectives for designing and 
construction of houses is to provide thermal comfort for occupants. In the present energy-
conscious society, it is also a requirement for houses to be energy efficient, i.e. the energy 
consumption for heating or air-conditioning houses must be minimized. A small number 
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of publications are devoted to laminar natural convection in two dimensional isosceles 
triangular cavities in the vast literature on convection heat transfer.  
Initially, the focus of the research was to obtain previously unavailable heat 
transfer data for a triangular enclosure heated or cooled from below. The temperature and 
flow patterns, local wall heat fluxes and mean heat flux were measured experimentally by 
Flack [1, 2]. The triangular cavities, filled with air, were heated/cooled from the base and 
cooled/heated from the sloping walls covering a wide range of Rayleigh numbers. It was 
found that, at low Rayleigh numbers, the flow remained laminar. However, as the 
Rayleigh number was increased, the flow eventually became turbulent. Flack [1, 2] also 
reported the critical Rayleigh numbers of the transition from laminar to turbulent regimes 
of the flow. Akinsete and Coleman [3] numerically simulated the attic space with a hot 
upper sloping walls and a cooled base. Their aim was to obtain previously unavailable 
heat transfer data relevant to air conditioning calculations.  
Del Campo et al. [4] examined the entire isosceles triangular cavity for seven 
possible combinations of hot wall, cold wall and insulated wall using the finite element 
method based on a stream function and vorticity formulation. The attic space for the 
night-time or winter day conditions are also investigated by Salman [5-6], Asan and Namli 
[7] and Haese and Teubner [8]. They observed that the general flow structure 
corresponded to a single convective cell for low values of the Ra and to a multi-cellular 
regime for the high values of this parameter. They also found that the flow was 
symmetric along the geometric centre line of the cavity. On the contrary, Holtzman et al. 
[9] pointed out that at low Ra, symmetric solutions are obtained, indicating that a 
symmetry assumption is valid in agreement with the single cell solutions found in 
previous studies. However, as the Rayleigh number increases, a pitchfork bifurcation is 
observed in which two steady asymptotic mirror image solutions can be found. It was 
reported that only asymmetric solutions were stable beyond a critical Rayleigh number, if 
a finite perturbation was applied. To confirm the numerical predictions of the flow 
patterns and the existence of a symmetry-breaking bifurcation, a flow visualization study 
was conducted. The flow patterns were observed by slowly injecting smoke into the 
enclosure.  
4 
Ridouane and Campo [10] and Lei et al. [11] supported the claim of asymmetric 
behavior of flow field observed by Holtzman et al. [9]. Ridouane and Campo [10] 
reported that as Ra is gradually increased, the symmetric plume breaks down and fades 
away. Thereafter, a subcritical pitchfork bifurcation is created giving rise to an 
asymmetric plume occurring at a critical Rayleigh number, Ra = 1.42105. Lei et al. [11] 
conducted both the experiments and numerical simulations. However, the authors 
considered water as the working fluid and revealed that the steady-state flow at low 
Rayleigh numbers is characterized by symmetric flows about the geometric symmetry 
plane and the quasi-steady flow at relatively higher Rayleigh numbers is characterized by 
the pitchfork bifurcation, which results in alternative occurrence of convective 
instabilities from the two sides of the enclosure and the oscillation of the upwelling flow 
near the center. 
An analytical investigation in the form of a scale analysis and a numerical study 
of the fluid mechanics inside a right triangular cavity with a cold upper inclined wall, a 
warm horizontal bottom wall and an insulated vertical wall was reported by Poulikakos 
and Bejan [12]. In that study, the working fluid in the attic space was assumed to be 
water (Pr > 1). The authors also assumed that the slope of the inclined wall was very 
small (A → 0). However, in a practical situation, the aspect ratio of buildings varies 
roughly from 0.1 to 1.0. Moreover, numerical verification of the scaling prediction is 
absent in their work. Scaling analysis for the flow in a wedge with surface cooling has 
also been investigated by Lei and Patterson [13] for a reservoir problem, in which case 
the cooled surface is horizontal. They identified several different regimes of flow 
development by scaling analysis.  
Scaling analyses coupled with numerical simulations have been used in a variety 
of other geometries and thermal forcing. For example, Lin & Armfield [14-16] 
investigated the transient processes of cooling an initially homogeneous fluid by natural 
convection in a vertical circular cylinder and in a rectangular container. Patterson et al. 
[17] consider the ramp heating boundary condition to perform the scaling analysis for 
natural convection adjacent to the vertical flat plate. The authors considered the working 
fluid as water (Pr > 1) for their investigation. 
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The transient natural convection flow in an attic space subject to cooling at the 
inclined surfaces is examined based on a scaling analysis in this study. The transient 
phenomenon begins with either instantaneous or ramp cooling of the upper sloping walls. 
It is shown that thermal and viscous layers develop adjacent to both walls whose 
thicknesses increase towards steady-state values. However, these boundary layers are 
potentially unstable to Rayleigh-Bénard instability if the Rayleigh number exceeds 
certain critical Rayleigh value. Once the flow becomes unstable the scaling analysis can 
not be carried further except for providing a prediction of the onset of instability. For a 
Rayleigh number lower than the critical Rayleigh number, the scaling prediction is 
similar to that of the heating case.  
The present study consists of two parts concerning an attic space subject to two 
types of boundary conditions: (i) an instantaneous cooling boundary condition and (ii) a 
non-instantaneous (ramp) cooling boundary condition. In both cases the bottom boundary 
is kept adiabatic and the fluid inside the enclosure is initially isothermal and stationary. 
The flow response to the instantaneous and ramp cooling is investigated through 
combined scaling and numerical procedures. A series of numerical calculations has been 
carried out for a range of parameter values to verify the scaling prediction.  
 
2. Problem formulations 
 
Under consideration is the flow behaviour resulting from the cooling of a 
Newtonian fluid with Pr < 1 in a two-dimensional triangular enclosure by unsteady 
natural convection due to an imposed instantaneous and ramp cooling temperature on the 
inclined walls. The physical system sketched in Fig. 1 consists of an enclosure which is 
filled with fluid having an initial temperature Th. The height of the enclosure is h and the 
length of the half base is l. Therefore, the aspect ratio of the enclosure is A = h/l. The 
length of one sloping wall is L (=(h/A)(1+A2)1/2). At the time t = 0, two inclined walls are 
cooled to Tc suddenly for the first case and over a ramp temperature for the second case 
and thereafter maintained at this temperature. 
6 
The development of natural convection inside an attic space is governed by the 
following two-dimensional Navier–Stokes and energy equations with the Boussinesq 
approximation:   
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3. Scaling analysis for instantaneous cooling 
 
The development of the boundary layer adjacent to the inclined walls of the attic 
space is similar to those obtained for the case of inclined plates. A detail derivation of the 
scaling values has been performed in Saha [18] for the case heated and cooled inclined 
flat plate. For the attic space problem the flow for the cooling case is mainly dominated 
by two distinct stages of development, i.e. a boundary-layer development stage and a 
cooling-down stage. The boundary layer development stage is the early stage of the flow 
development and the cooling-down stage is the stage when the whole cavity is filled with 
the cold fluid discharged from the boundary layer.  
As it is seen in Saha [18], initially the thermal boundary layer adjacent to the 
sloping wall developed according to T ~1/2t1/2. The transient velocity scale inside the 
boundary layer is given as 
   ,/1Pr1
Pr~ 22/12 




 hh
t
A
ARau   (5) 
and when the conduction term balances with the convection term, the steady state time, 
thickness and velocity scales are respectively given by  
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The scaling results for heat transfer from the inclined wall of the attic space, measured by 
a Nusselt number, have been developed as follows. 
 
3.1 Heat transfer scales 
The instantaneous local Nusselt number on the inclined wall during the boundary 
layer development stage is given by 
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This scale is valid until the steady state of the boundary layer is reached. Once the 
boundary layer becomes steady then using (6), the average steady-state Nusselt number 
of the boundary layer adjacent to the cold inclined wall is given by 
    .11~1~ 4/124/1
4/14/12/1
0 APr
PrRaANudx
L
Nu
L
s   (10) 
These scales are valid if the boundary layer remains stable. 
 
3.2 Cooling down stage 
 
As soon as the cooled temperature boundary condition is applied on the sloping 
wall, a cold boundary layer starts to develop adjacent to the wall. The cooled fluid inside 
the boundary layer then moves down the sloping wall with the velocity (5) and reaches 
the bottom tip of the cavity. After that the flow does not have any choice but to move 
horizontally adjacent to the bottom surface. As a result the interior of the enclosure is 
gradually filled by the cold fluid ejected from the boundary layer, starting from the 
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bottom of the cavity, and this cooling-down stage continues until the whole cavity is 
filled with cold fluid. The appropriate parameters to characterize this cooling-down stage 
are the time tfc for the enclosure to be filled with cooled fluid and the average Nusselt 
number calculated on the slopping wall. 
Let us consider an arbitrary moment, t, during the cooling-down stage. At that 
moment, the fluid inside the enclosure can be assumed to consist of two layers with the 
location x = xi as the interface (see Fig. 2). The top fluid layer is at the initial temperature, 
Th whereas the bottom layer has the wall temperature Tc.  
From ABC and ADE in Fig. 2, we have, 
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It is observed that the maximum ratio of the volume filled with cooled fluid until 
the steady state time to the total volume is less than 0.095 for the range of Ra, A and other 
parameters considered. Therefore, the filling volume at the transient stage is insignificant 
compared to the total volume. 
From the mass conservation law 
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Applying (7) and (8) in (14) we have, 
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The time when the whole enclosure is filled up with cold fluid from bottom (xi ~ 0) is 
obtained as 
    .11~
2
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Since only the upper part of the sloping wall contributes to the heat transfer 
during the filling up (or cooling down) process, it is apparent from (10) that the 
instantaneous Nusselt number, Nu at the cooling-down stage is 
s
i Nu
L
xNu 

~  (17) 
Using (15) in (17), we have 
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4. Scaling analysis for ramp cooling 
 
The ramp function of the temperature is defined as 
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where ch TTT   and tp is the time duration of ramp heating.  
For the case with the ramp cooling temperature boundary condition, a set of 
scaling results has been produced in details in Saha [18] for an inclined flat plate. As 
soon as the cooling boundary condition is applied on the inclined wall, a thermal 
boundary layer starts to develop according to the scale 1/2t1/2. The transient velocity 
scale inside the boundary layer is given by  
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This scale is valid until the quasi-steady time if the ramp time is larger than the quasi-
steady state time or until the ramp is finished if the ramp time is shorter than the steady 
state time.  
 The steady state scales of time, velocity and boundary layer thickness are exactly 
the same as those for the instantaneous cooling boundary condition if the ramp time is 
shorter than the steady state time. However, if the ramp time is longer than the quasi-
steady time, then the quasi-steady time, the thermal layer thickness and velocity scales 
are given respectively by 
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 After the quasi-steady time the thermal boundary layer develops according to the 
scale in the quasi-steady mode, 
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and the velocity scale is 
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These two scales are valid until the ramp is finished. After the ramp is finished the 
boundary layer does not know whether it comes from a ramp function or not. Note that 
the details of the development of these scales have been described in Saha [18].   
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  In addition to those scales described above a heat transfer scaling at different 
times of the boundary layer development as a form of a Nusselt number has been 
developed in the attic space in the following section.   
 
4.1 Heat transfer scale 
 
Initially the temperature on the inclined wall decreases with time whereas the 
temperature inside the cavity is fixed (Th). Therefore, the temperature difference between 
the wall and the interior increases with time (Tt/tp) until the ramp is finished. However, 
the temperature on the wall becomes constant when the ramp is finished and at that time 
the temperature difference is the maximum. Based on these instantaneous temperature 
differences we may define the local Nusselt number on the inclined surface during the 
boundary-layer development stage as; 
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This Nusselt number scale is valid until the quasi-steady time if the ramp time is longer 
than the quasi-steady time or until the ramp is finished if the ramp time is shorter than the 
steady state time. For the first situation, when the ramp time is longer than the quasi-
steady time, using (21) the average quasi-steady Nusselt number on the sloping boundary 
layer is given by 
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After the quasi-steady state the thermal layer thickness does not grow according to 
1/2t1/2. Instead, it grows according to the scale (24). Therefore, the Nusselt number in the 
quasi-steady mode is  
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For the situation when the ramp time is shorter than the steady state time, the 
thermal boundary layer grows according to 1/2t1/2 before the steady state time and the 
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Nusselt number scale at the steady state time is the same as (6) which is the Nusselt 
number for the case of instantaneous temperature boundary condition. These scales are 
valid so long as the boundary layer remains stable.  
 
4.2 Cooling down stage 
 
Similar to the instantaneous cooling case, once the boundary layer is fully 
developed by the ramp cooling boundary condition, the fluid in the enclosure is gradually 
stratified by the cold fluid ejected from the boundary layer, starting from the bottom of 
the cavity, and this cooling-down stage continues until the whole body of fluid has the 
same temperature as that imposed on the inclined walls of the attic space. The appropriate 
parameters characterizing this cooling-down stage include the time, tfr for the fluid to be 
fully cooled down and the average Nusselt number on the cooled wall. 
Let us consider any specific moment t during the cooling-down stage when the 
fluid inside the container can be assumed to consist of two layers with the location x = xi 
as the interface (see Fig. 3). The top layer is at the initial temperature, Th, whereas the 
bottom layer has the wall temperature Tc.  
The maximum ratio of the volume filled with cooled fluid during the quasi-steady 
time to the total volume is less than 0.08 for the range of Ra, A and other parameters 
considered. Therefore, the volume filled by the cold fluid during the transient stage may 
be ignored when calculating the filling box time.  
Suppose the ramp is finished when the interface is at x = x1 (x1 measured from B), 
for the case when the ramp time is longer than the quasi-steady time (tp > tsr). Let us 
calculate the volume (V1) of the cooled portion filled by the time t = tp. Therefore, the 
volume of the cooled portion is  
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  The flux at time t = tp is  
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Mass conservation then requires  
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Therefore, the volume of the enclosure filled with cold fluid is V1. The rest of the 
volume will be filled-up after the ramp is finished. At t = tp the thermal boundary layer 
thickness and the velocity scales from (24) and (25) respectively are  
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The rest of the volume after ramp is finished is  
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Again from the mass conservation law we have 
   .~
1
22
12 tuxxLA
A
 
ppi 
 (34) 
Applying (32) and (33) we have, 
     t
A
ARaxxL
A
A
i 2/1
4/124/1
22
12
1~
1

  (35) 
    .1~ 2/12/3 4/524/121 


  t
A
ARaxLxi
  (36) 
Recognizing that for t = tfr, xi = 0, therefore,  
 
  ,1
1
~ 4/524/12/1
2
1
2/12
ARaA
AxAh
t fr 


 

 (37) 
where L = (h/A)(1+A2)1/2 
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If tp > h2/[A1/2Ra1/4(1+A2)1/4] (see eqn 31) the cavity will be filled up with cold 
fluid discharged from the boundary layer before the end of the ramp. Therefore, using the 
velocity and the thermal layer thickness scale from the quasi-steady mode the mass 
conservation law is 
.~1
2 2
22
tu
L
x
A
h
Tqq
i 


   (38) 
Using (24) and (25), the cooling-down time is  
  .1~ 7/127/27/17/4
7/37/8
AARa
th
t pfq 
 (39) 
For the case when the ramp time is shorter than the steady state time, the filling 
box time is the same as that obtained for instantaneous cooling boundary condition.  
Since only the upper part of the sloping wall contributes to the heat transfer at any 
given time, it is apparent from (27) that the Nusselt number, Nu at the cooling-down 
stage is 
.~
1
p
i Nu
xL
xNu 



   (40) 
Using (36), we have 
,1~
2







frp t
t
Nu
Nu  (41) 
where Nup is the Nusselt number at the time, t = tp, and 
  .1~ 4/12
2/14/1
A
ARaNu p 
 (42) 
If the cooling down time is less than the ramp time but greater than the quasi-steady time 
then the Nusselt number is given by 
,~ s
i Nu
L
xNu 

  (43) 
which is  
.1~
2







fqs t
t
Nu
Nu  (44) 
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In the following section, mesh and time step dependence tests will be carried to 
ensure the accuracy of the numerical simulations. The numerical results will be used to 
verify the scaling relations derived above.   
 
5. Numerical scheme and grid and time step dependence test  
 
In order to avoid singularities at the tips in the numerical simulation, the tips are 
cut off by 5%, and an extra rigid non-slip and adiabatic vertical wall boundary is assumed 
near each tip. It is anticipated that this modification of the geometry will not alter the 
overall flow development significantly. Equations (1) - (4) are solved along with the 
initial and boundary conditions using the SIMPLE scheme. The Finite Volume method 
has been chosen to discretize the governing equations, with the QUICK scheme (see 
Leonard and Mokhtari [19]) approximating the advection term. The diffusion terms are 
discretized using central-differencing with second order accurate. A second order implicit 
time-marching scheme has also been used for the unsteady term 
The distribution of the computational mesh in the enclosure for three different 
aspect ratios has been shown in Saha [18]. Mesh and time step dependence tests for 
instantaneous and ramp cooling boundary conditions have been conducted here. Two 
different mesh sizes, 18060 and 27090 for A = 1.0, three different mesh sizes, 16040, 
24060 and 32080, for A = 0.5 and three different meshes sizes, 18045, 28070 and 
36090, for A = 0.2, have been tested for each case of instantaneous and ramp cooling 
boundary conditions. 
Fig.s 4 and 5 plot the time series of the temperature at the middle point of the 
symmetry centre line for the case of instantaneous and ramp cooling boundary conditions 
respectively. It is seen from both Fig.s that the calculated numerical results are not grid 
sensitive. The maximum variation is less than 2% for all cases considered here. 
Therefore, even the coarsest mesh will be able to provide the basic flow features for three 
different aspect ratios. However, 27090, 32080 and 36090 meshes have been adopted 
for A = 1.0, 0.5 and 0.2 respectively with a time step 0.002s for all aspect ratios.   
 
6. Flow development in different regimes for instantaneous cooling  
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Several possible flow regimes based on the Rayleigh number have been 
established in Saha [18] for the case of instantaneous cooling boundary condition on the 
inclined flat plate. The same flow regimes can also be identified for the attic space 
problem. A brief discussion of those flow regimes with numerical results are presented as 
follows:  
 
6.1 Conduction regime 
 
Fig. 6 presents the numerical results for the low-Rayleigh number regime, Ra < 
(1+Pr)(1+A2)/(A2Pr) with Pr = 0.72, Ra = 50 and A = 0.5. The temperature contours and 
streamlines are plotted in Fig.s 6(a) and 6(b), respectively at time t/ts = 0.25. In this 
regime the cold thermal boundary layer is stable and expands to the entire domain. The 
maximum temperature in the domain is 299K. However, the initial temperature inside the 
domain was set to 305K. The temperature profile has been extracted along a line 
perpendicular to the inclined wall at the mid point and shown in Fig. 6(c). It is seen in 
Fig. 6(c) that the thickness of the thermal boundary layer is larger than the perpendicular 
distance from the mid point of the left inclined wall to the bottom surface. Therefore, the 
flow is dominated by conduction in this regime. Moreover, there is no steady state of the 
flow inside the cavity as it continues to be cooled-down as time progresses. There are two 
symmetric cells in the streamlines where the direction of the left cell is anti-clockwise 
and the right cell is clockwise. 
 
6.2 Stable convection regime 
 
Fig. 7 presents the numerical results of a representative case in this flow regime, 
(1+Pr)(1+A2)/(A2Pr) < Ra < (Pr3A6Rac4)(1+Pr)−3(1+A2)−3 with Pr = 0.72, Ra = 3.6104 
and A = 0.5 at t/ts = 1.6. Temperature contours are presented in Fig.s 7(a) and streamlines 
are in Fig. 7(b). The stable boundary layer becomes steady before the whole cavity is 
cooled down. The cold fluid travels through the boundary layers adjacent to both inclined 
walls and meets the bottom adiabatic surface. The flow then has no other choice but to 
move to the interior of the cavity along the bottom surface. 
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6.3 Unstable convection regime 
 
This flow regime, Ra > (Pr3A6Rac4)(1+Pr)−3(1+A2)−3 is characterized by the 
presence of convective instability in a form of sinking plumes. Fig. 8 represents the 
isotherms and the streamlines for Pr = 0.72, Ra = 7.2106 and A = 0.2 at t/ts = 1.5 to 
demonstrate the features of this flow regime. The plumes are formed in the cooling 
boundary layer. The cold fluid inside the boundary layer travels adjacent to the inclined 
wall and reaches the bottom tip. Then it changes its direction and moves to the interior of 
the cavity along the adiabatic bottom surface. Three convective cells on both sides of the 
symmetry line are observed in the streamlines at this particular time (Fig. 8b).         
 
7. Flow development in different regimes for ramp cooling 
 
As it is discussed in Saha [18] there are six possible flow regimes of the boundary 
layer development for ramp cooling boundary condition, it is also possible here to 
describe those regimes for the attic space problem. However, for brevity, only two main 
flow regimes have been explained in the following subsection. 
   
7.1 Ramp time shorter than steady state time 
 
Fig. 9 shows the temperature contours and the streamlines for Pr = 0.72, Ra = 
7.2104 and A = 0.5 at t/ts = 4.4 for the regime Ra < (1+Pr)(1+A2)h4/[A2Pr2tp2]. The 
ramp time has been set to 10s. In this regime the steady state time is longer than the ramp 
time. Therefore, the boundary layer grows according to the scale 1/2t1/2 even after the 
ramp is finished. The thermal boundary layer becomes unstable or remains stable 
depending on the Rayleigh numbers. For the typical Rayleigh number considered here, 
the boundary layer is stable to the Rayleigh-Bénard instability. Fig. 9(a) presents the 
temperature contours and Fig. 9(b) presents the corresponding streamlines. A cold 
boundary layer develops adjacent to the sloping wall, reaches the bottom tip and moves 
to the interior of the cavity along the bottom adiabatic surface. Two intrusion boundary 
layers from two sides of the symmetry line meet at the mid point of the bottom surface 
and move upward.  The corresponding streamlines show two symmetric convective cells.    
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7.2 Ramp time longer than the steady state time 
 
A representative Rayleigh case for this flow regime has been chosen as Ra = 
3.6106, and Pr = 0.72 with A = 0.2. The temperature contours and streamlines are shown 
in Fig. 10 for this case at t/tsr = 1.2. The ramp time is 10s. In this regime the flow may be 
stable and reaches the quasi-steady mode. Since the plate is still cooling in the quasi-
steady mode, the boundary layer may become unstable before the ramp is finished. On 
the other hand, the instability may set in before the flow becomes quasi-steady. For this 
typical Rayleigh number (Ra = 3.6106) the boundary layer becomes unstable before it 
reaches quasi-steady state. A number of sinking plumes appeared in the cold boundary 
layer adjacent to the sloping walls. The corresponding streamlines shows a number of 
convective cells on both sides of the symmetry line.  
 
8. Validation of selected scales 
 
The flow features discussed above are verified on the basis of a series of 
numerical simulations. The above scales have been developed with an assumption that 
the flow is symmetric along the symmetry center line of the cavity.     
 The detailed validation of the boundary layer development has been discussed in 
Saha [18] (e.g. velocity scale, thickness scale, onset of instability etc). For brevity, those 
results are not repeated here. However, the heat transfer scales together with steady state 
time scale have been verified in this study. In addition, the cooling-down time scale and 
the subsequent heat transfer scale at that time have also been verified for both boundary 
conditions below.      
 
8.1 Instantaneous cooling 
 
The cooling-down time is determined by the heat flux through the natural convection 
boundary layer. The cold fluid moves downward through the boundary layer of both 
inclined walls. When the cold fluid reaches to the bottom tips then it has no choice but to 
move horizontally adjacent to the bottom surface. Once the boundary layer is fully 
developed, the fluid in the container is gradually stratified by the cold fluid ejected from 
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the boundary layers, starting from the bottom of the container, and this cooling-down 
stage continues until the whole body of fluid becomes cold. However, for higher 
Rayleigh numbers the boundary layer may become unstable.  
In Table 1, Runs 1-4 with Ra = 7.2×105, 3.6×105, 2.2×105 and 7.2×104 while 
keeping A = 0.5 and Pr = 0.72 unchanged have been carried out to show the dependence 
of the scaling relations on the Rayleigh number; Runs 5-6 and 2 with A = 0.2, 1.0 and 0.5 
respectively while keeping Ra = 3.6×105 and Pr = 0.72 unchanged have been carried out 
to show the dependence on the slope of the inclination of the sloping walls. All Rayleigh 
numbers considered here are in the unstable convection regime. 
 The numerical results showing the dependence of the instantaneous average 
Nusselt number Nu on Ra and A at the boundary-layer development stage and at the 
cooling-down stage are presented in Fig. 11. Fig. 11(a) shows the raw data of the time 
series of the Nusselt number which have been calculated from the left inclined wall of the 
cavity for different Rayleigh numbers and aspect ratios. It is found that the Nusselt 
number depends significantly on Ra and A. In Fig. 11(b), the time has been normalized 
with respect to the steady-state time (6) of the boundary layer development and the 
Nusselt number has been normalized with respect to its steady-state value (10). As 
anticipated, all lines collapse together in one line which confirms the scaling relations of 
(6) and (10) at the boundary-layer development stage. The Nusselt number for the 
cooling-down stage has been plotted in Fig. 11(c). Again all lines fall together in a line 
which validates the scaling relation (14) at the cooling-down stage. Note that the x-axis is 
plotted on a log scale.  
To verify the cooling-down time scale, the average temperature inside the 
enclosure has been calculated with time. Fig. 12 shows the time series of the average 
temperature inside the cavity. Raw data of the time series of the average temperature for 
different Rayleigh numbers and aspect ratios have been plotted in Fig. 12(a). It is 
anticipated that the variation of the temperature inside the enclosure depends significantly 
on the Rayleigh number and aspect ratio. The average temperature decreases with time 
for all parameters considered here. In Fig. 12(b), the time is normalized with respect to 
the cooling-down time scale (16) and the temperature has been normalized by the 
temperature difference between the wall and the interior. We see that all curves of the 
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temperature time series collapse at a single curve for different flow parameters. This 
confirms that the cooling-down time scale (16) is accurate.     
 
8.2 Ramp cooling  
 
Similar to the instantaneous cooling case, the cooling-down time is also 
determined by the heat flux through the natural convection boundary layer for the ramp 
temperature boundary condition.  
Table 2 shows the full sets of parameters used for the numerical simulation to 
verify the scaling prediction. Runs 1-6 are in the regime in which the quasi-steady time is 
shorter than the ramp time and the flow is unstable; and runs 7-10 are in the regime in 
which the steady state time is longer than the ramp time and the boundary layer is in a 
stable condition. 
 The numerical results showing the dependence of the average Nusselt number, Nu 
on Ra and A at the boundary-layer development stage are presented in Fig. 13. Fig. 13(a) 
shows the raw data of the time series of the Nusselt number which has been calculated on 
the left inclined wall of the cavity. It is seen that initially the Nusselt number approaches 
infinity and decreases sharply until the quasi-steady state is reached. After the quasi-
steady state time it increases very slowly until the ramp is finished. After the ramp 
finishes, the Nusselt number again decreases and approaches zero. We also see some 
oscillations in the Nusselt number plots. It is due to the unstable condition of the 
boundary layer. In Fig. 13(b), the time has been normalized by the quasi-steady time (21) 
and the Nusselt number by the quasi-steady Nusselt number (27). We see that all lines lie 
together until the ramp is finished, which confirms the scaling relations (21) and (27). 
The Nusselt number at the cooling-down time has been plotted in Fig. 13(c). 
Again all lines fall together in a line for different flow parameters considered here which 
validates the scaling relation (41).  
The raw data of the time series of the average temperature inside the enclosure 
has been plotted in Fig. 14(a) for different Rayleigh numbers and aspect ratios. These 
parameters are in the flow regime in which the quasi-steady time is shorter than the ramp 
time. It is seen in this figure that the average temperature variation inside the cavity 
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depends strongly on the Rayleigh number and the aspect ratio. In Fig. 14(b), the time is 
normalized with respect to the cooling-down time scale (37) and the temperature has 
been normalized by the temperature difference between the wall and inside the enclosure. 
We see that all temperature series fall onto a single curve for different flow parameters. 
This confirms that the cooling-down time scale (37) is accurate. 
For the case in which the steady state time is longer than the ramp time, the 
cooling-down time scale is the same as that for the case of instantaneous cooling 
boundary condition. To verify the scaling relation (16), four different Rayleigh numbers 
have been chosen for the above regime. The raw data of the average temperature inside 
the enclosure has been depicted in Fig. 15(a). In Fig. 15(b), the time is normalized with 
respect to the cooling-down time scale (16) and the temperature is normalized with 
temperature difference. All curves for different Rayleigh numbers fall almost onto a 
single curve which confirms that the scaling relation (16) is accurate for the ramp 
boundary condition when the steady state time for the boundary layer is longer than the 
ramp time.        
 
9. Summary 
 
A set of scaling results have been developed for natural convection in an attic 
space for instantaneous cooling case and are verified by the numerical simulation for a 
fluid with a fixed Prandtl number (Pr = 0.72). The scaling relations of transient and 
steady state values of the velocity (us) and the thermal layer thickness (δT ) and the steady 
state time scale (ts) were established in Saha [18]. Those scaling results have been used 
directly to develop some further scaling (heat transfer, filling box time) for the attic space 
problem. A Nusselt number scale (Nus) during the boundary layer development stage is 
developed. The cooling-down time scale (tfc) and the Nusselt number scale at the cooling-
down stage are also achieved. Several possible flow regimes which were established in 
Saha [18] are also discussed in this study with numerical results.  
Furthermore, a temperature boundary condition of a ramp function applied to the 
inclined walls of the attic space is also investigated in this study. The boundary layer flow 
for this boundary condition depends on the comparison of the time at which the ramp 
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cooling is completed with the time at which the boundary layer completes its growth. If 
the ramp time is long compared with the steady state time, the thermal boundary layer 
reaches a quasi-steady mode in which the growth of the layer is governed by the thermal 
balance between convection and conduction. On the other hand, if the ramp is completed 
before the thermal boundary layer becomes steady-state, the subsequent growth is 
governed by the balance between buoyancy and inertia, as for the case of instantaneous 
cooling. However, if the Rayleigh number exceeds the critical Rayleigh number then 
flow inside the boundary layer becomes unstable. The scaling results of the boundary 
layer development have been derived and discussed in Saha [18]. The scaling of heat 
transfer through the boundary layer into the enclosure and the cooling-down time scale 
for the enclosure have been developed in this study. The heat transfer scale at the 
cooling-down stage is also derived. Moreover, a discussion has been made regarding 
some important flow regimes developed in Saha [18] with numerical results. The 
comparisons between the scaling predictions and the numerical simulations demonstrate 
that the scaling results agree very well with the numerical simulations 
 
Acknowledgements 
This work is funded by the Australian Research Council (ARC) 
 
References 
 
[1] R.D. Flack, Velocity measurements in two natural convection air flows using a laser 
velocimeter, ASME J. Heat Transfer, 101 (1979) 256–260. 
[2] R.D. Flack, The experimental measurement of natural convection heat transfer in 
triangular enclosures heated or cooled from below, ASME J. Heat Transfer, 102 
(1980) 770–772. 
[3] V.A. Akinsete, T.A. Coleman, Heat transfer by steady laminar free convection in 
triangular enclosures, Intl J. Heat Mass Transfer, 25 (1982) 991-998.  
[4] E.M. Del Campo, M. Sen and E. Ramos, Analysis of laminar natural convection in a 
triangular enclosure, Numer. Heat Transfer, 13 (1988) 353-372. 
23 
[5] H. Salmun, Convection patterns in a triangular domain, Intl J. Heat Mass Transfer, 38 
(1995a) 351-362.  
[6] H. Salmun, The stability of a single-cell steady-state solution in a triangular 
enclosure, Int. J. Heat Mass Transfer, 18 (1995b) 363-369. 
[7] H. Asan, L. Namli, Laminar natural convection in a pitched roof of triangular cross-
section: summer day boundary conditions, Energy and Buildings, 33 (2000) 69-73. 
[8] P.M. Haese, M.D. Teubner, Heat exchange in an attic space, Int. J. Heat Mass 
Transfer 45 (2002) 4925-4936. 
[9] G.A. Holtzmann, R.W. Hill, and K.S. Ball, Laminar natural convection in isosceles 
triangular enclosures heated from below and symmetrically cooled from above, 
ASME J. Heat Transfer, 122 (2000) 485-491. 
[10] E.H. Ridoune, A. Campo, Formation of a pitchfork bifurcation in thermal convection 
flow inside an isosceles triangular cavity, Phys. Fluids 18 (2006) 074102. 
[11] C. Lei, S.W. Armfield, J.C. Patterson, Unsteady natural convection in a water-filled 
isosceles triangular enclosure heated from below, Int. J. Heat Mass Transfer 51 
(2008) 2637–2650. 
[12] D. Poulikakos, A. Bejan, The fluid dynamics of an attic space, J. Fluid Mech. 131 
(1983) 251-269.  
[13] C. Lei, J.C. Patterson, Unsteady natural convection in a triangular enclosure induced 
by surface cooling, Int. J. Heat Fluid Flow 26 (2005) 307-321.  
[14] W. Lin, S.W. Armfield, Direct simulation of natural convection cooling in a vertical 
circular cylinder, Int. J. Heat Mass Transfer 42 (1999) 4117–4130.  
[15] W. Lin, S.W. Armfield, Natural convection cooling of rectangular and cylindrical 
containers, Int. J. Heat Fluid Flow 22 (2001) 72–81.  
[16] W. Lin, S.W. Armfield, Long-term behavior of cooling fluid in a rectangular 
container, Phys. Rev. E.  69 (2004) 05631.  
[17] J.C. Patterson, C. Lei, S.W. Armfield, W. Lin, Scaling of unsteady natural convection 
boundary layers with a non-instantaneous initiation, Int. J. Thermal Sci. 48 (2009) 
1843-1852. 
24 
[18] S.C. Saha, Natural convection adjacent to an inclined flat plate and in an attic space 
under various thermal forcing conditions, PhD Thesis, School of Engineering and 
Physical Sciences, James Cook University. (2008). 
[19] B.P. Leonard, S. Mokhtari, ULTRA-SHARP Nonoscillatory Convection Schemes for 
High-Speed Steady Multidimensional Flow, NASA TM 1-2568 (ICOMP-90-12), 
NASA Lewis Research Centre (1990).  
25 
Table 1 
Values of A and Ra for six runs for instantaneous cooling. 
Runs A Ra 
1 0.5 7.2105 
2 0.5 3.6105 
3 0.5 2.2105 
4 0.5 7.2104 
5 0.2 3.6105 
6 1.0 3.6105 
 
 
 
 
Table 2  
Values of A and Ra for 10 runs for ramp cooling. 
Runs  A Ra 
1 0.5 7.2106 
2 0.5 5.8106 
3 0.5 3.6106 
4 0.5 7.2105 
5 1.0 7.2105 
6 0.2 7.2105 
7 0.5 1.0105 
8 0.5 6.0104 
9 0.5 3.0104 
10 0.5 1.0104 
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Fig. 1. The schematic of the geometry and the coordinate system.  
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Fig. 2. Schematic of cooling down process for instantaneous cooling. 
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Fig. 3. Schematic of cooling down process for ramp cooling. 
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Fig. 4. Time series of temperature at the mid point of the symmetry center line for 
different grids for instantaneous cooling boundary condition. 
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Fig. 5. Time series of temperature at the mid point of the symmetry center line for 
different grids for ramp cooling boundary condition. 
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Fig. 6. (a) temperature contours and (b) streamlines (c) temperature profile along the 
line perpendicular to the inclined wall at mid point with Pr = 0.72, Ra = 50 and A = 
0.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
30 
 
 
 
 
Fig. 7. (a) temperature contours and (b) streamlines with Pr = 0.72, Ra = 3.6104  and 
A = 0.5. 
 
 
 
 
 
 
Fig. 8. (a) temperature contours and (b) streamlines with Pr = 0.72, Ra = 7.2106 and 
A = 0.2 at t/ts = 1.5. 
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Fig. 9. (a) Temperature contours and (b) streamlines for Ra = 7.2104, Pr = 0.72 and A = 
0.5. 
 
 
 
 
 
 
Fig. 10. (a) Temperature contours and (b) streamlines for Ra = 3.6106, Pr = 0.72 and 
A = 0.2. 
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Fig. 11. Time series of the Nusselt number calculated on the left inclined wall. (a) 
Plot of raw data; (b) Normalized Nusselt number versus normalized time; (c) Nusselt 
number at the cooling-down stage for six runs for instantaneous cooling. 
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Fig. 12. Time series of the average temperature inside the enclosure. (a) Plot of raw 
data; (b) Normalized temperature versus normalized time at the cooling-down stage 
for six runs for instantaneous cooling. 
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Fig. 13. Time series of the Nusselt number calculated on the left inclined wall. (a) 
Plot of raw data; (b) Normalized Nusselt number versus normalized time; (c) Nusselt 
number at the cooling-down stage for six runs for ramp cooling. 
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Fig. 14. Time series of the average temperature inside the enclosure. (a) Plot of raw 
data; (b) Normalized temperature versus normalized time at the cooling-down stage 
for six runs for ramp cooling.  
 
 
 
 
 
Fig. 15. Time series of the average temperature inside the enclosure. (a) Plot of raw 
data; (b) Normalized temperature versus normalized time at the cooling-down stage 
for four runs for ramp cooling.  
 
 
 
